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Relations between and among contaminant concentrations and biomarkers in black bass (Micropterus spp.) and common carp (Cyprinus carpio) from large U.S.
rivers, 1995-2004 † Introduction
It is widely known that the health of fish and other aquatic organisms can be adversely affected by exposure to environmental contaminants. Exposure has been associated with adverse effects on development, growth, and reproduction. For example, selenium (Se) contamination has been associated with histopathological effects in the gill, liver, kidney, and ovary of freshwater fish, 1 and dietary exposure to mercury (Hg) can suppress hormone concentrations and inhibit gonadal development in female fish.
2 Fish and other aquatic organisms are also important as vectors of contaminants such as Hg and Se to higher trophic levels (i.e., reptiles, birds, and mammals) and in the biotransportation of contaminants such as polychlorinated biphenyls (PCBs), organochlorine pesticides, and methylmercury along migration pathways. 3 Studies that rely exclusively on conventional analytical measurements of chemical contaminants in biota to assess exposure provide little information about contaminants that do not bioaccumulate. These include most herbicides, phthalates, the most toxic polycyclic aromatic hydrocarbons (PAHs), pharmaceutical and personal care products, and organophosphate, carbamate, and synthetic pyrethroid insecticides. Chemical analysis alone also fails to account for the cumulative effects of multiple contaminants and other environmental factors. Biomarkers consequently have been incorporated into numerous laboratory and field studies to address some of these shortcomings. Biomarkers are physiological, biochemical, or histopathological changes that occur as a result of exposure to environmental contaminants. 4 The use of biomarkers complements conventional analytical chemistry data by providing information on the biological effects of contaminants rather than simple quantification of their environmental concentrations.
costly to implement than chemical analyses; they can be used as screening tools in a tiered application to assess exposure before employing more expensive analytical methods. Biomarkers also span multiple levels of biological organization, from sub-cellular to whole organism, and can be contaminant-specific or broad indicators of organism health. Some biomarkers respond rapidly to contaminant exposure at the molecular, organelle, and organism level, and therefore represent earlier indicators of exposure than contaminant accumulation. Biochemical and physiological parameters are typically used to document sub-organelle changes, whereas morphological parameters are higher-level responses that may indicate irreversible damage. 6 Nevertheless, biomarkers have limitations; most are indicators of exposure rather than effects, and they may vary depending on species, gender, age, diet, reproductive status, and other factors. 5 Therefore, cause-effect relationships between contaminant exposure and biomarker responses are difficult to determine in field studies. 7 Although biomarkers are routinely employed in localized investigations, their use in large-scale (i.e., river basin, regional, national) environmental monitoring has been limited to primarily estuarine and marine systems. For example, the Bioeffects Assessment Project conducts studies using sediment toxicity surveys and biomarkers to describe the conditions of coastal ecosystems, 8 and the Estuaries Program of the Environmental Monitoring and Assessment Program has incorporated histological biomarkers in contaminant studies. 9 The National Benthic Surveillance Project used biomarkers to examine the health of English sole (Parophyrus vetulus) on the Pacific coast of the United States. 10, 11 In addition, the European Biological Effects of Environmental Pollution in Marine Coastal Ecosystems (BEEP Project) was designed to validate a set of biomarkers for use in marine biomonitoring and ecological risk assessment. 12 Biomarkers have also been used to assess contaminant exposure in various fish species in the North Sea. 13, 14 Concentrations of chemical contaminants and biomarkers (fish health indicators and reproductive endpoints) were measured in piscivorous and benthivorous fish collected in 1995-2004 from large U.S. river basins as part of the Biomonitoring of Environmental Status and Trends (BEST) Program. [15] [16] [17] [18] [19] The methods used by the BEST Program were selected to maximize sensitivity, cost-effectiveness, and the variety of contaminants and their effects that could be detected with minimal redundancy using methods that were readily available in 1995. 15 Results of individual studies indicated correlations between chemical contaminants and biomarkers, but more rigorous statistical analyses were precluded by the limited number of samples from each basin. Here we report the results of more in-depth analyses of these data from the sampled basins. We examined relations among and between contaminant concentrations and biomarkers in black bass (Micropterus spp.; bass) and common carp (Cyprinus carpio; carp), the most frequently collected taxa. Our objectives were to (1) determine the frequency distribution of contaminant concentrations and biomarkers; (2) examine the statistical relations between and among contaminant concentrations and biomarkers using stepwise multiple regression and multivariate analysis; and (3) evaluate the utility of the chemical and biomarkers in monitoring studies.
Materials and methods
Details of the sampling, field, and laboratory procedures have been described previously. [15] [16] [17] [18] [19] A brief summary is presented here. All data are accessible at www.cerc.usgs.gov/data/best/ search/index.htm.
Collection sites and field procedures
Bass (n ¼ 1003) and carp (n ¼ 1605) were collected from 96 sites on major U.S. rivers (Fig. 1 ). Sites were located in the Apalachicola-Chattahoochee-Flint River basin (ARB, 3 sites), Colorado River basin (CORB, 14 sites), Columbia River basin (CRB, 11 sites), Mobile River basin (MORB, 4 sites), Mississippi River basin (MRB, 48 sites), Pee Dee River basin (PRB, 3 sites), Rio Grande basin (RGB, 10 sites), and Savannah River basin (SRB, 3 sites; ESI, Table S1 †). Capture method was typically electrofishing. The collection target at each site was 10 (each) adult male and female bass and carp of similar length and weight. Fish were held in aerated live-wells or net pens until processed (usually less than three hours).
A field necropsy was performed on each fish. Briefly, a blood sample, obtained from the caudal artery with a heparinized needle and syringe, was centrifuged, and the plasma was aspirated and frozen in dry ice for vitellogenin and sex steroid hormone analyses. The fish was then weighed, measured, and killed with a blow to the head. The abdominal cavity was dissected open to permit observation of the internal organs. The gender of the fish along with observations of external and internal features were recorded. The liver (bass only; carp have a dispersed liver), spleen, and gonads were removed and weighed. Pieces of liver were collected and immediately frozen in a dry ice and ethanol slurry, then transferred in dry ice or liquid nitrogen ice for analysis of ethoxyresorufin O-deethylase (EROD) activity. Samples of spleen and gonad were obtained and preserved in 10% neutral buffered formalin for histopathological examination. Scales or otoliths were collected for age determination. All remaining tissues (those not frozen or fixed) were wrapped in aluminium foil and frozen for chemical analysis.
Laboratory analyses
Analytical chemistry. Whole-body composite samples were shipped to the laboratory frozen and stored at À20 C until prepared for analysis. Individual fish were partly thawed, cut into pieces, and ground to a fine texture. The ground fish were then mixed together to create a single homogenous composite sample for each site, species, and gender combination (307 samples). Details of the analytical methods and quality assurance/quality control (QA/QC) procedures are described in the original studies. 15, 16, 17, 18, 19 Chemical methods were sufficiently low to detect exposure of the fish to biologically relevant (i.e., toxic) concentrations of contaminants based on contemporaneous information.
One sub-sample (10 g) of each composite sample was solventextracted and analysed gravimetrically for lipid content and by high-resolution capillary gas chromatography with electron capture detection (GC-ECD) for organochlorine chemical residues and total PCBs after size exclusion and adsorption column cleanup procedures. Pentachlorobenzene, pentachloroanisole, aldrin, dacthal, heptachlor, endosulfan I, endosulfan II, endosulfan sulfate, and methoxychlor were not measured in samples from the MRB, RGB, or CRB. QC measures for the organochlorine pesticide and PCB analyses included the analysis of blanks, triplicate analyses, and matrix spikes. The limit of detection (LOD) was calculated by adding the procedural blank concentration to three times the procedural blank standard deviation. LODs for organochlorines varied among study years; LODs decreased by two orders of magnitude for some organochlorine residues (ESI, Table S2 †) .
A second composite sub-sample (100 g) was freeze-dried for elemental analysis. Percent moisture was determined as weight lost during lyophilization. Sub-samples from the MRB, RGB, and CRB were acid-digested and analysed by atomic absorption spectroscopy for arsenic (As), lead (Pb), and Se and by inductively coupled plasma emission spectroscopy for other elements. The sub-samples from the CORB, MORB, ARB, PRB, and SRB were analysed in three portions. Portion one was digested in nitric acid and analysed by inductively coupled plasma mass spectroscopy for barium (Ba), cadmium (Cd), copper (Cu), chromium (Cr), magnesium (Mg), manganese (Mn), molybdenum (Mo), nickel (Ni), Pb, strontium (Sr), vanadium (V), and zinc (Zn). Portion two was dry-ashed (magnesium nitrate-nitric acid-HCl) and analysed by hydride generation atomic absorption spectroscopy for As and Se. Portion three was analysed directly for total Hg using thermal combustion, amalgamation, and atomic absorption spectroscopy. QC measures for the elemental analyses included the analysis of reagent blanks, duplicate samples, certified reference materials, and fortified samples. Dry-weight LODs were determined for each element in individual samples and converted to wet weight values for statistical analysis and reporting (ESI , Table S2 †) .
A third composite sub-sample (10 g) was solvent-extracted and subjected to reactive cleanup for use in the H4IIE bioassay.
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Concentrations of 2,3,7,8-tetrachlorodibenzo-p-dioxin equivalent doses (TCDD-EQ; pg g À1 wet weight) were determined by slope ratio assay.
21 QC measures for the H4IIE bioassay included determination of LODs and analysis of duplicate samples and reference materials.
A combination of biological and chemical methods was used for evaluating planar halogenated hydrocarbons (PHHs) and PAHs that did not involve high-resolution instrumental analyses. 15 As previously described, total PCBs were analysed by GC-ECD, and the H4IIE bioassay provided semi-quantitative information on the cumulative concentration of aryl hydrocarbon hydroxylase-active PCBs, chlorodibenzo-p-dioxins, chlorodibenzofurans, and related compounds of concern 20 and augments the information on total PCBs provided by the instrumental analysis of the composite samples. Hepatic EROD activity in the fish can be induced by PHHs as well as by PAHs and other compounds that were removed from the composite sample extracts by the reactive cleanup. 22 Consequently, hepatic Table S1 for specific site information. † EROD activity documents the cumulative exposure of the fish to all AHH-active compounds, including the PAHs and other labile compounds that would not otherwise be accounted for by instrumental analysis or the H4IIE bioassay with reactive cleanup.
Biomarkers. Criteria for biomarker selection included: (1) the method was well documented in the peer-reviewed scientific literature; (2) the method had been correlated with contaminant exposure, other stressors, or both across a gradient and yielded reproducible and verifiable results; (3) its performance had been documented statistically; (4) it was able to detect relevant differences (spatial, temporal, etc.) at desired significance level (p < 0.05) with financially realistic sample sizes and sampling frequencies; (5) confounding or interfering variables that affect performance were known; and (6) the methods had been documented in the scientific literature in the species for which its use was proposed.
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Biomarkers measured in individual fish included total length, weight, age, condition factor, hepatosomatic index, splenosomatic index, macrophage aggregate (MA) parameters, health assessment index, reproductive biomarkers (gonadosomatic index, plasma vitellogenin concentration, plasma sex steroid hormone concentrations, and oocyte atresia), and hepatic EROD activity. Hepatic EROD activity was determined on microsomal fractions from individual fish with protein content quantified using the fluorescamine protein assay.
22,24 QC measures included determination of LODs (0.01-3.76 pmol min À1 mg
À1
) and the analysis of reference materials and duplicate samples. Body and organ weights were used to compute condition factor, hepatosomatic index, splenosomatic index, and gonadosomatic index according to the following formulae: condition factor ¼ body weight in g (length in cm)
À3 ; hepatosomatic index ¼ liver weight/ (total body weight À gonad weight)100; splenosomatic index ¼ spleen weight/(total body weight À gonad weight)100; gonadosomatic index ¼ (gonad weight/total body weight)100. The weight of the gonads was subtracted from the body weight to minimize the effect of the reproductive cycle on hepatosomatic index and splenosomatic index. A necropsy-based health assessment index score was calculated for each fish by assigning numerical values to gross lesions of various organs, then summing the values for all organs observed. A health assessment index score, which can range from 0 (good health) to 220 (poor health), was computed for a fish only if observations were made for all components.
Preserved tissue samples were prepared for reproductive stage determination (gonad) and MA analysis (spleen). Transverse ovary sections were assigned to reproductive stages 0-5 based on the predominant size and appearance of oocytes, and transverse testes sections were similarly classified into reproductive stages 0-4. Atresia was quantified by examining one hundred oocytes in each sample. MAs in spleen sections were quantified using computer-based image or manually digitized microscopic analyses. MA parameters included the number of aggregates in 2 sq. mm of tissue (MA-#) and the mean size (area) of aggregates within those 2 sq. mm (MA-A). The percentage of the tissue area occupied by aggregates (MA-%) was computed from these measurements. Concentrations of vitellogenin were determined by direct enzyme-linked immunosorbent assay and were reported as the mean of triplicate measurements. Concentrations of sex steroid hormones including 17b-estradiol and 11-ketotestosterone in plasma samples were measured by radioimmunoassay. QC measurements for these analyses included determination of LODs, coefficients of variation, and inter-assay variability.
Statistical analyses
Version 9.1 of SAS (Cary, NC) was used for al statistical analyses. Arithmetic means and standard errors were used to simplify the tabular presentation; log 10 transformed data (e.g., geometric means) were used for all other statistical analyses. Censored values (those <LOD) for chemical concentrations, EROD activity, and vitellogenin concentrations were replaced by one half the LOD in all statistical analyses. Summary statistics are presented for the reproductive biomarkers by maturational stage because their responses vary over the reproductive cycle of fish. Taxa and gender differences in chemical concentrations and biomarkers for sites where female and male bass and carp were collected (n ¼ 51; ESI, Table S1 †) were tested with two-way analysis-of-variance (ANOVA) using Fisher's unrestricted least significant difference to separate means (p < 0.05).
25 All text describing these ANOVA results refers to this subset of sites even though the figures depict cumulative frequency distributions for all sites.
Exploratory data analyses were conducted to examine and characterize relations between and among chemical endpoints and biomarkers in bass and carp using stepwise multiple linear regression and principal components analysis (PCA). The latter reduced the number of variables to smaller numbers of principal components (PCs). Biomarker means, based only on those individual fish included in each composite sample, were computed and paired with contaminant concentrations in composite samples for these analyses. Multiple regression analyses were conducted with PROC REG. The forward selection method was used, and variables were allowed into the model only if they significantly (p < 0.05) reduced the unexplained sum-of-squares after accounting for all other factors (i.e., the type-II sums-ofsquares were used). Separate regression models were developed and evaluated for males and females of each taxon. The reproductive biomarkers were analysed as reduced-rank data sets restricted to the predominant reproductive stages in bass (stages 1 and 2) and carp (stages 2 and 3). Additional regression analyses were conducted to examine relations among hepatic EROD activity, total PCB, and TCDD-EQ concentrations. Prior to the PCA, correlations between chemical and biological endpoints were determined with Spearman rank correlation coefficients. Few correlations were significant for either bass or carp (p < 0.10; data not shown); therefore, correlation analysis was not used to exclude endpoints in the PCA, which was performed with the PROC FACTOR procedure. Chemical and biological endpoints were analysed separately and as a combined data set in the PCA. Chemical endpoints were analysed with the taxon and genders combined (all fish), by taxon with the genders combined (all bass, all carp), and separately for each taxon-gender. Analyses of the biomarkers and combined chemical and biological data sets were conducted separately for each taxon-gender combination because of the influence of gender on the reproductive biomarkers. PCs greater than one were considered significant in the models. 26 The first two PCs were used to generate factor scores for plotting purposes, which were calculated using PROC ; 25 ng g À1 for total PCBs and toxaphene) after initial PCA determined that the temporal differences in LODs were influencing the models.
Organochlorine residues were excluded from the regression and PC analyses if #10 samples exceeded the LOD or they were not measured in all samples. These included pentachlorobenzene, pentachloroanisole, a-hexachlorocyclohexane (HCH), b-HCH, g-HCH, d-HCH, aldrin, endrin, dacthal, heptachlor, o,p 0 -DDT, endosulfans, methoxychlor, and Cd for bass; and pentachlorobenzene, pentachloroanisole, g-HCH, d-HCH, aldrin, dacthal, heptachlor, o,p 0 -DDT, endosulfans, and methoxychlor for carp. 17b-estradiol and 11-ketotestosterone were excluded from the analyses because they were not measured in fish from the RGB or CRB. Hepatosomatic index was excluded from the carp models because liver weight was not determined, and oocyte atresia can only be measured in female fish.
Results

Summary statistics
Organochlorine and elemental concentrations. The most frequently detected organochlorine chemical residues in bass and carp were dieldrin, cis-chlordane, cis-nonachlor, trans-nonachlor, p,p 0 -DDE, p,p 0 -DDD, total PCBs, and TCDD-EQ (Table 1) . Concentrations of most organochlorine residues were low and similar in bass and carp. Overall, median concentrations of most residues in female and male bass and carp were #5.00 ng g À1 ( All elemental contaminant concentrations except Cd in bass and Mo and V in bass and carp were >LOD in most samples (Table 1 ). The cumulative frequency percentiles of female and male fish generally were similar within each taxon (ESI, Table S3 †), but median and mean concentrations of some elemental contaminants differed between bass and carp. Concentrations of Ba, Cd, Cu, Mn, Pb, Se, V, and Zn were greater in carp than bass, whereas concentrations of Hg and Mg were greater in bass (Fig. 3) . At sites where both taxa were collected, these differences were significant for Ba ( Table S4 ). Median EROD activity was four times greater in bass than carp, but maximum activity was similar in both taxa ( Table 2; Table S4 ).
In contrast to the contaminant concentrations, gender differences were evident for some biomarkers in both taxa. Median length and weight were greater in female bass than male bass, but maximum values were similar between genders ( (Fig. 4) . Gonadosomatic indices were significantly greater in females than males of both taxa (F 1,196 ¼ 130.96), which is probably because of the greater mass associated with eggs than milt ( Table 3) . Vitellogenin concentrations (F 1,196 ¼ 398.66), 17b-estradiol concentrations (F 1,155 ¼ 61.17), and E/KT ratios (F 1,155 ¼ 152.13) were greater in female than male bass and carp, and these endpoints were greater in more reproductively advanced females and males of both taxa (Table 3 ; Fig. 4 ). The shape of the cumulative frequency distribution illustrates that vitellogenin concentrations were more frequently < LOD in bass than carp (Fig. 4) . In bass, vitellogenin concentrations were < LOD (0.001-0.005 mg mL
À1
) in 34% of females and 82% of males; vitellogenin concentrations were < LOD (0.0005-0.005 mg mL
) in only 4% of female carp and 70% of male carp. Concentrations of 11-ketotestosterone did not increase with reproductive stage in males of either taxon ( Table 3 ). The cumulative frequency distributions of the E/KT ratio in male bass and carp were essentially identical, with few ratios > 1.0 (Fig. 4) .
Regression analysis
Statistically significant regression models of hepatosomatic index, splenosomatic index, condition factor, health assessment index, MA parameters, and hepatic EROD activity as functions of contaminant concentrations explained 10-64% of the total variation in bass and 24-77% in carp (Table 4) . Models for some of the fish health indicators had common variables. The models for MA-A in carp explained less total variation than those for the MA-# and MA-%. However, similar to condition factor and the somatic indices, few variables were consistently significant among the MA models in either taxon. Mercury was significantly positive and Zn was negative in all bass models, and total PCBs and Sr were significantly positive in all the carp models for EROD (Table 4) . Regressions describing hepatic EROD activity as functions of total PCB and TCDD-EQ concentrations were statistically significant in female and male carp but not bass. Although significant, the relations were weak in carp; they explained only 8% of the total EROD variation in females and 9% in males (data not shown). Statistically significant regression models of reproductive biomarkers as functions of contaminant concentrations explained 14-59% of the total variation in bass and 24-78% in carp (Table 5 ). There was little consistency among significant variables in the vitellogenin and gonadosomatic index models; however, vitellogenin concentrations in most bass were < LOD. Cyclodiene and other organochlorine pesticides, total PCBs, and elemental contaminants were significant in the models of 17b-estradiol in bass and carp. Comparatively few chemicals were significant in the models of either 11-ketotestosterone or E/KT ratio, and the models for E/KT ratios in female carp were not statistically significant. Cyclodiene pesticide residues and DDT isomers were positive in all the models of oocyte atresia.
Principal components analysis
Organochlorine and elemental chemicals. The number of statistically significant PCs and the total variation explained were consistent among models, with eight to ten significant PCs explaining 75-79% of the total variation. PC1 and PC2 explained 33-36% in all models. Patterns of chemical contaminant concentrations differed between taxa (Fig. 5A ). Loading plots of PC1 and PC2 for allfish indicate that the differences were based on elemental contaminants that loaded negatively on PC1 and PC2 (e.g. Hg and Mg; Fig. 5B ). Separate PC analyses were therefore conducted for each taxon. Organochlorine chemical concentrations were not major determinants of the differences between taxa; the presence and amounts of organochlorine chemical residues, including agricultural pesticides, contributed more to the spatial differences evident in the contaminant patterns than to differences between taxa (Fig. 5B ). Chlordane components, dieldrin, total PCBs, and TCDD-EQs were important in differentiating bass and carp from several sites in the MRB from other sites (Fig. 5A) .
The spatial patterns for bass and carp differed, but the patterns within each taxon were similar in male, female, and combinedgender (i.e., all-bass, all-carp) PC models. All models are discussed, but only the all-bass and all-carp figures are presented. The scores plots from the bass models were characterized by distinct spatial groups that were well separated by basins on PC1 and PC2 (Fig. 5C ). In the all-bass model, one group comprised sites in the MRB, RGB, CRB, and CORB, with a second group comprising sites in the ARB, MORB, SRB, and PRB (Fig. 5C ). The patterns for female and male bass were associated with negative loadings on PC1 for Ba, Mg, Hg, and Sr (Fig. 5D) . The groups were separated on PC2 by positive loadings for cyclodiene pesticides and total PCBs and negative loadings for Cu, Mo, and V (Fig. 5D ). Two sites (site 325 in the CORB and site 24 in the MRB) were separated from other sites on PC3 because of positive loadings for DDT isomers and toxaphene, which are not shown in Fig. 5 .
Basin groupings were less evident for carp than bass. A group comprising sites in the CORB, ARB, MORB, SRB, and PRB were associated with negative loadings of Sr and Se on PC1 in all three carp models (Fig. 5E-F) . All CORB sites plotted higher on were separated from other sites in the MRB by chlordane components, dieldrin, and total PCBs, which loaded positively on PC1 and negatively on PC2 (Fig. 5E-F) . As was true for bass, several sites in the CORB and MRB also were separated by positive loadings on PC3 for DDT isomers, toxaphene, and Se.
Biomarkers. Overall, PCA models for biomarkers in bass and carp were similar, as significant loading factors were not consistent in either taxon. Nevertheless, more variation was explained by fewer PCs in the models for biomarkers than for contaminant concentrations. Four or five significant PCs explained 72-82% of the total variation in all models; PC1 and PC2 explained 45-50%.
Most sites grouped together in the scores plot for female bass, with outlier sites evident because of variables that loaded high on PC1 and low on PC2 (Fig. 6A-B ). Sites were separated along PC1 because of positive loadings for vitellogenin and gonadosomatic index and negative loadings for EROD activity (Fig. 6B) . Basin groups were more evident for biomarkers in male bass than in females, but only on PC2. In general, male bass from sites in the MRB and CRB plotted higher on PC2 than sites from the other basins because of somatic indices (Fig. 6C-D) . MA parameters loaded negatively on PC3 in the female and male bass models.
Spatial differences were evident in the scores plot for female carp (Fig. 6E) . Sites in the MRB, RGB, and CRB plotted lower on PC2 than those from the other basins. Sites from several basins with PC2 scores > were associated with positive loadings for age, hepatic EROD activity, and oocyte atresia (Fig. 6E-F) . As was true in bass, MA parameters loaded negatively on PC3 in the female carp model. Site 336 (in the PRB) did not group with any other site because of positive loadings for length, weight, and gonadosomatic index on PC1 and PC3 (Fig. 6E-F) . Most MRB sites grouped together in the scores plot for male carp, but patterns among sites in other basins were less evident (Fig. 6G) ; the group comprising MRB sites were differentiated from other sites on PC2 because of negative loadings for MA-A and MA-# (Fig. 6G-H) . Site 324 (in the CORB) was separated by positive loading for vitellogenin on PC3.
Contaminant concentrations and biomarkers. The number of statistically significant PCs and the total variation explained were consistent across all the combined chemical and biological models. Eleven or twelve significant PCs explained 77-81% of the total variation in all models; PC1 and PC2 explained 27-33%. Contaminant concentrations were the main drivers of these combined models, and the plots generally resembled the chemical PCA models.
Patterns were similar in the combined PCA models for female and male bass. The scores plots were characterized by distinct spatial groups that were well separated by basins on PC1 and PC2. In the female and male bass models, MRB, RGB, and CRB sites were in one group; CORB sites were in another; and ARB, MORB, SRB, and PRB sites were in a third (Fig. 7A & C) . The basin separations in all the models were associated with negative loadings on PC1 for mirex, Ba, Hg, Mg, Sr, and hepatic EROD activity (Fig. 7B & D) . The groups were separated on PC2 by positive loadings for cyclodiene pesticides and total PCBs and negative loadings for elemental contaminants in the female and male bass models ( Fig. 7B & D) . In female bass, site 325 (in the CORB) and site 76 (in the MRB) were differentiated from other sites on PC3 because of positive loadings for DDT isomers, chlordane components, dieldrin, toxaphene, and Pb. Sites 26 and 76 (in the MRB) were separated on PC2 in male bass because of positive loadings for chlordane components, dieldrin, and total PCBs (Fig. 7C-D) . Sites in the MORB were also differentiated on PC3 in male bass because of positive loadings for Hg, MA parameters, length, and weight. Differences between genders were not evident in the combined chemical and biological models for carp. The scores plots from both carp models were characterized by two distinct spatial groups that were well separated by basins on PC1 and PC2. In the female and male carp models, MRB, RGB, and CRB sites were in one group and CORB, ARB, MORB, SRB, and PRB sites were in another (Fig. 7E & G) . The basin separations were associated with negative loadings on PC1 for age, Se, and Sr and positive loadings for a-HCH and b-HCH (Fig. 7F & H) . Vitellogenin also loaded negatively on PC1 in male carp (Fig. 7H) . The groups were separated on PC2 by loadings for cyclodiene pesticides and total PCBs (Fig. 7F & H) . Sites 67, 68, 76, and 206 (in the MRB) were differentiated from other sites on PC1 and PC2 because of positive loadings for chlordane components and dieldrin in females (Fig. 7E-F) . Sites 76 and 206, along with sites 324 and 325 (in the CORB), also were differentiated in males because of negative loadings for chlordane components, dieldrin, and endrin on PC2 (Fig. 7G-H) . The CORB sites were separated from other sites on PC3 because of positive loadings for Mg and Se in female carp.
Discussion
The bass and carp included in this study represented a large geographic range. Sites (n ¼ 96) in eight basins represented a range of contaminant sources (e.g., mining, agriculture, industry, and urban areas) and key points in major rivers such as dams and tributary confluences. Many sites were co-located at National Contaminant Biomonitoring Program (NCBP) sites, which were typically located at key points in major drainages.
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Consequently, sites were hydrologically rather than statistically or connectivity representative. As such, the frequency distributions and other statistics presented here are not necessarily representative of the rivers and basins, only the fish populations of sampled sites. Nevertheless, because most of the sites were not selected to reflect specific contaminant sources, we assume that the sites accurately represent conditions in the eight river basins sampled. Chemical exposures at certain sites along these rivers may be more extreme than those observed here. In fact, known 'hot spots' of chemical contamination were generally avoided. The environments surrounding many of those contaminated areas would likely be targeted for sampling under the Clean Water Act. Moreover, the dynamic nature of river hydraulics The contaminant data presented here were summarized for individual basins in previous reports, [15] [16] [17] [18] [19] but concentrations in bass and carp have not been compared among basins. The main chemical contaminants of concern in these studies included cyclodiene pesticides, DDT isomers, TCDD-EQ, Hg, and Se. Briefly, cyclodiene pesticides, which were used to combat soildwelling insects such as corn root worm and termites, co-occur, and concentrations were greatest in carp from the MRB. Concentrations of cyclodiene pesticides were also elevated near a manufacturing facility located in the MRB (site 76) but were generally low in the other basins. Total DDT concentrations were greatest in bass and carp from areas with intensive agriculture including the Lower Mississippi Rivers of the MRB, the Gila River in the CORB, and the mid-CRB. Toxaphene was used heavily on cotton after the ban of DDT; accordingly, concentrations were greatest in carp from the Lower MRB and the Gila River. Total PCB concentrations were greatest in fish at sites located near industrial or urban areas in the MRB (sites 23, 24, 67, 76, and 111), MORB (site 327), CORB (sites 320 and 324), and ARB (site 330). Dioxin-like activity was greatest in bass and carp throughout the MRB, the Snake River in the CRB, and the Coosa River in the MORB. Mercury concentrations were consistently greater in bass from the MORB, ARB, SRB, and PRB but were also elevated in the Mississippi River near Memphis (site 76), the Salmon River in the CRB, and below Amistad Reservoir in the RGB. Elevated Se concentrations in bass and carp throughout the CORB, the Middle Rio Grande, and Arkansas-Red and Big Horn Rivers in the MRB were associated with the natural weathering of seleniferous shales, irrigation practices, and fossil fuel combustion. These geographic trends were for bass and carp only; contaminant concentration trends in other species may have differed.
Contaminant concentrations
The significant differences in concentrations of pentachloroanisole, cis-chlordane, trans-chlordane, p,p 0 -DDT, endosulfan sulfate, Ba, Cd, Cu, Hg, Mg, Mn, Pb, Se, V, and Zn between taxa highlight the importance of species selection in monitoring and contaminant studies. Adult bass and carp occupy different trophic levels, which affects their exposure to and accumulation of certain chemical contaminants. As a predatory species, bass would be expected to have higher concentrations of contaminants that bioaccumulate such as Hg and PCBs; indeed, concentrations of Hg were greater in bass than carp from the same location. However, the mean PCB concentration was not different between these two species. Common carp can bioaccumulate hydrophobic PCBs through sediment ingestion.
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The benthivorous forging behavior of carp puts this species in direct contact with metals and hydrophobic organic contaminants in sediments and invertebrates that they consume. In addition, the lower trophic status of carp may well have been countered by their greater lipid content, with the net result being similar PCB concentrations in bass and carp. If lipid content differences were responsible for differing organochlorine concentrations between taxa, we would have expected to see differences for DDT isomers, which are among the most lipophilic contaminants we measured. The differences in the frequency distributions of DDT concentrations between bass and carp were minimal, indicating that the differing lipid content of these taxa was not the most important or only factor responsible for the differing PCB and DDT concentrations in bass and carp. In contrast, concentrations of chemicals that are more susceptible to metabolism, such as pentachloroanisole, endosulfan sulfate, and dacthal, were greater in carp than bass. These differences were likely due to lower rates of oxidation, conjugation, or excretion in carp. 29, 30 Our EROD data also indicated several fold lower hepatic cytochrome (CYP1A) activity in carp compared to bass, another indicator of lower metabolic activity in carp.
Pentachloroanisole results from the methylation of pentachlorophenol, which fish accumulate through their skin and gills. Thus, if carp have slower rates of methylation, they would be expected to have lower concentrations of pentachloroanisole. However, carp may have even lower rates of conjugation reactions or excretion, which might partly account for the elevated concentrations of pentachloroanisole relative to bass. Pentachloroanisole can rapidly concentrate in fatty tissues of freshwater fish.
31 Technical-grade endosulfan, which contains two pure isomers (endosulfan I and II), is toxic to fish and accumulates in the liver of carp. 32 Endosulfan sulfate can be detected in organisms due to the oxidation of endosulfan I and II; high concentrations of endosulfan II compared to endosulfan I in fish indicate recent endosulfan exposure. 32 Tripathi and Verma
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concluded that endosulfan exposure can affect energy metabolism in fish by inhibiting transcription. Endosulfan also accumulates in fatty tissues of freshwater fish, and it may have been present in the gut contents of carp. Lower rates of conjugation reactions and excretion in carp 30 may have also contributed to the greater concentrations of endosulfan relative to bass. In contrast to pentachloroanisole and endosulfan sulfate, little metabolism or degradation of dacthal occurs in fish tissue.
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Greater concentrations of dacthal in carp compared to bass may also represent the contribution of sediments ingested by carp and included in the whole-body fish samples.
The greatest toxaphene concentrations were in carp from sites 201-204 and 80, where few or no bass were collected. Therefore, concentration differences between taxa in the higher percentiles of the frequency distribution for toxaphene may be an artifact of the samples available for collection. Similar sampling artifacts were evident in the upper percentiles for heptachlor epoxide, oxychlordane, dacthal, p,p 0 -DDD, and endosulfan I concentrations in carp.
Greater concentrations of Ba, Cd, Cu, Mn, Pb, Se, V, and Zn in carp than bass may reflect differences in diet, foraging behavior, metabolic processes, and anatomy. Bass feed primarily on fish, whereas carp forage for aquatic insects and plants in sediments. The higher trophic status of bass compared to carp typically results in bass having greater concentrations of bioaccumulative contaminants. As noted for the organochlorine chemicals, the whole-body fish samples included gut contents. Incidental ingestion of sediment and detritus with food can be a substantial source of elemental contaminants. 34 For example, sediments contributed 76% of the weight and 42% of the volume in the gut contents of the benthivorous blue sucker (Cycleptus elongaus). 35 Therefore, the sediments and invertebrates commonly ingested by carp and included in the chemical analyses may have contributed to the greater concentrations of elemental contaminants. Conversely, Mg concentrations were greater in bass than carp, which influenced the PCA results. Relatively few published studies have reported concentrations of Mg in whole freshwater fish. Mean Mg concentrations were 147-260 ug g À1 in whole-body juvenile carp. 36 Mean Mg concentrations in largemouth bass and other centrarchids from Lake Eufaula, Alabama, were typically 400-500 ug g À1 whereas concentrations in other taxa were generally lower (343-390 ug g À1 ).
37 Although no carp were analysed by Lawrence, 37 the general trend of greater Mg concentrations in largemouth bass and other centrarchids than in other taxa is consistent with our findings, and the concentrations were nearly identical. Magnesium is an essential dietary nutrient; as such, it is not generally considered toxic to wildlife at concentrations found in fish.
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Total Hg concentrations were also greater in bass than carp. Methylmercury, which is the most toxic form of Hg, represents greater than 90% of the Hg that occurs in fish, and it biomagnifies to high concentrations in aquatic food chains. 39 Therefore, concentrations tend to be greater in predatory fish such as bass than in carp and other benthivores. Mercury was also one of the main drivers in the PCA models that separated bass from carp and also separated the MORB, ARB, SRB, and PRB from other basins in the bass models.
Differences between genders within taxa were only apparent for Hg and Zn. Mercury concentrations in predatory fish typically increase with size, age, or both. 39 Female bass were larger (weight and length) than males, which contributed to the greater Hg concentrations in females. Weight and length, but not gender, have been identified as important factors in Hg accumulation by bass.
40, 41 Cizdziel et al. 42 reported positive associations between fish-tissue (muscle, liver, and blood) Hg concentrations and length in bass. In contrast to Hg, Zn concentrations were greater in carp than bass and greater in female than male carp. Concentrations > 100 mg g À1 occur regularly in carp, which partition Zn in the nuclei/cell debris fraction of digestive tract tissue and typically have greater concentrations than other fish species. 43, 44 The potential effects of high Zn concentrations in carp are unknown, but Zn is an essential element that is actively regulated in fish. Concentrations of Zn and other heavy metals can vary seasonally in carp; the lowest concentrations in muscle, gill, and liver typically occur during the spring. 45 Most of the carp we analysed were collected during the late summer or fall, which is when the greatest Zn concentrations in liver occur. 45 Although the greater Zn concentrations in carp may be due to increased absorption rates related to a physiological need of the fish, this relation is not associated with body size or age. 46 The greater Zn concentrations in female carp may also be due to proportionately larger gonads in females; Zn concentrations can be up to six times greater in ovaries than testes.
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Previous studies have reported lower organochlorine chemical concentrations in female compared to male fish. 47, 48 Consequently, the lack of gender differences in our study was unexpected for organochlorine contaminants including total PCBs and TCDD-EQ. Lower organochlorine contaminant concentrations in female fish can occur through the loss of lipids and lipophilic contaminants during spawning, 49 and gender differences can also be more pronounced with greater organochlorine concentrations. 47 However, differing organochlorine concentrations in female and male fish also may depend on gender differences in diet, feeding and growth rates, and habitat use. Gender differences in bass and carp in our study might have been more apparent if more sites with greater organochlorine concentrations such as the Great Lakes and the northeastern United States had been sampled or if sampling had occurred prior to spawning. Overall, our results indicate that determining gender may not be an important consideration when comparing most organochlorine residue and elemental contaminant concentrations in bass and carp collected in the fall (post-spawn).
Biomarkers
Our analyses highlight the extent to which biomarkers can differ by taxon, gender, and reproductive stage and the need to account for these variables. Some biomarker differences were due to carp being larger and older than bass. For example, the greater number of splenic MAs in carp may be associated with the age differences. 50 Taxa differences in hepatic EROD activities were evident. Bass consistently had greater hepatic EROD activities compared to carp, and female fish had slightly lower hepatic EROD activity than males of the same taxon. These findings are consistent with the EROD literature. 22 Greater vitellogenin concentrations, 17b-estradiol concentration, E/KT ratios, and oocyte atresia in female carp compared to female bass may be related to the sequential spawning of carp, which spawn multiple times over the growing season; bass spawn once in the spring or early summer.
Regression analysis
Few statistically significant variables were common to all the regression models. This may be partially due to the large percentage of censored values for some contaminants (i.e., hexachlorobenzene, a-HCH, chlordane components, o,p 0 -DDT isomers, mirex, and toxaphene). Although chemical contaminants for which #10 samples exceeded the LOD were excluded from the analysis, most of those remaining were still represented by a high proportion of censored values. In fact, p,p 0 -DDE, p,p 0 -DDD, total PCBs, and TCDD-EQ were the only organochlorine residues that were >LOD in most bass and carp samples. The fit of the regressions differed among the models, but few had coefficients of determination that exceeded 60% (e.g., hepatosomatic index and EROD in female bass; MA-# in female and male carp; 17b-estradiol in male carp). Dieldrin, Hg, and Ni, which were not correlated with each other, were associated with lower hepatosomatic index and increased hepatic EROD activity in female bass. Regressions of EROD activity were positively correlated with TCDD-EQ in female bass models and with total PCBs in the carp models. These results are consistent with known mechanisms of EROD regulation through the aryl hydrocarbon receptor. 22 Hepatic EROD activity was also inversely correlated with concentrations of Zn in most models, but we are not aware of a mechanistic rationale or underpinning for these correlations.
The number of MAs increased with increasing endrin, HCH, Cd, and Mg concentrations and decreasing Cu and Sr concentrations in at least one carp model. Mercury was not significant in any of the MA models, which was contrary the findings of Schwindt et al., 51 who reported increasing MA% with Hg concentrations in salmonid fishes. Macrophage aggregates generally accumulate over time, 50 as does Hg. 39 In our data set, the MA parameters were correlated with age in carp and bass from the MRB, 15 RGB, 16 and CRB, 17 and age-adjusted MA values were analysed and reported. However, the relations between the MA parameters and age were not consistently significant in the CORB, 18 the southeastern U.S. basins, 19 or in the combined data set we analysed. Regression models for vitellogenin and 17b-estradiol in male carp had among the greatest coefficients of determination; most significant variables were organic chemical residues. Interpretation of these results were confounded by the large number of samples that had vitellogenin concentrations < LOD, but male carp with greater vitellogenin concentrations also had greater concentrations of cis-chlordane and Mo and lower concentrations of a-HCH, b-HCH, and heptachlor epoxide. Greater 17b-estradiol concentrations in male carp were associated with increasing HCB, mirex, total PCBs, Hg, Mo, and Sr concentrations and decreasing p,p 0 -DDD concentrations.
The models describing relations between steroid hormones and contaminants were among the weakest, which is consistent with the strict internal regulation of hormone concentrations by teleosts. Steroid hormones are regulated through the hypothalamic-pituitary-gonadal axis and multiple feedback pathways. 52 Therefore, dysregulation of these pathways by chemical contaminants might not be expected to occur along a gradient but rather in an all-or-nothing fashion. Overall, the contaminant concentrations were not good predictors of the biomarkers we measured, indicating that the biomarkers were not sufficiently sensitive to respond at the concentrations to which the fish were exposed. However and as mentioned previously, the power of the regression analysis was likely influenced by the high number of censored values for contaminant concentrations. In addition, the chemical contaminants we measured in the fish represent only a fraction of those to which they were potentially exposed.
Principal components analysis
Multivariate analyses such as PCA and discriminant analysis have been used to illustrate relations between fish health indicators and chemical contaminants that may not be evident from tabular summaries. 53, 54 We used PCA to examine associations between the large number of measured variables and their interactions and how these endpoints relate to one another spatially. The PCA was also used to assess whether any chemical and biological endpoints were redundant, which could lead to potential cost savings for future studies. However, the chemical contaminants measured changed from 1995-2004, and analytical methods improved, which resulted in multiple LODs over the course of the studies. In addition, biomarkers, which were not measured in every fish from all sampling periods, were measured in individual fish whereas contaminant concentrations were measured in composite samples. These factors confound the relations of these chemical and biological endpoints. Simply excluding values <LOD from the dataset was not realistic because the statistical programs (PROC FACTOR and PROC REG) will only include observations with values for all variables (n < 20). To be consistent in our approach to the censoring issue, one-half the detection limit was used for the summary statistics, step-wise regression analysis, and PCA. Due to the limitations associated with this approach, our interpretation of the statistical results was extremely conservative.
Distinct basin groupings were evident in the score plots for the contaminant PCA models, but not for the biomarkers. The biomarkers are general indicators of fish health that were similar among basins and sites. Although our approach was consistent with previous studies that used PCA to examine relations among biomarkers, 55, 56, 57 the biomarkers included in these earlier studies were biochemical endpoints with known, contaminant-specific responses. Hepatic EROD activity was the only biomarker we measured that has been directly linked to contaminant exposure. 22 The results of the biomarker PCA models also indicate that the exposure gradient for most contaminants may not have been wide enough among our sites to elicit biomarker responses. In other words, the resolution of the biomarker models may have been better if more contaminated sites had been sampled. Nevertheless, the lack of concordance between the two sets of models indicate that they provide different (i.e., uncorrelated) information, which was the intent of the study design. The biomarkers were not selected to specifically reflect the measured chemicals but were intended to be diagnostic of the reproductive, endocrine, and immune health of fish and to integrate the overall response of organisms to environmental stressors including chemical contaminants employed as part of a weight-of-evidence approach. 23 Consequently, contaminant concentrations were the main drivers in the combined contaminant and biomarker PCA models.
Implications for long-term monitoring
Fish sampling and the suite of chemical and biological methods used in this study represented one component of a tiered, multicomponent program initially designed to monitor contaminants and their effects in a broad array of habitats and species; the strategy focused on description of trends and not hypothesis testing. 23, 58 In the mid-1990s, it was perceived that most of the contaminants for which the analysis of animal carcasses represented a suitable monitoring strategy (i.e., organochlorine pesticides, PCBs, metals) had been regulated, and that environmental concentrations of these so-called 'legacy contaminants' were declining in the U.S. The notable exceptions were concentrations of Hg, which were increasing in some locales due to atmospheric deposition; 59, 60 and Se, which was also increasing in some agricultural areas due primarily to the effects of irrigation and elsewhere from the combustion of fossil fuels.
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The intent was to minimize the monitoring resources devoted to the legacy contaminants and to focus instead on broadening the approach to include more contemporary contaminants such as water-soluble pesticides and other chemicals that tend not to bioaccumulate. This was to be achieved by measuring biological responses (including biomarkers) and would ultimately be complimented by chemical analyses of other media such as water and sediment. 61 The Tier-1 chemical and biological methods we used were essentially screening tools selected to document exposure of the fish to the widest variety of chemical contaminants at the lowest cost and with minimal redundancy. Chemical methods were therefore required only to be able to detect exposure of the fish to biologically relevant (i.e., toxic) concentrations of contaminants based on contemporaneous information rather than to precisely measure very low concentrations. Composite samples were analysed to further reduce analytical costs. Biological methods were similarly selected to reflect exposure to a wide variety of chemicals, with the knowledge that other factors might also be involved. In the tiered approach, positive Tier-1 chemical or biomarker findings would trigger follow-up (i.e., Tier 2) investigations using more sensitive (and more diagnostic) chemical and biological methods to determine the cause or causes of the Tier 1 findings.
Although adequate and efficient for monitoring, this multitiered strategy has created problems for long-term data analysis and interpretation. The most obvious of these is the large number of concentrations < LOD. While sufficient for Tier-1 screening assessments, the statistical analysis of such data is inherently problematic, as illustrated by our data. However, this is a study design and not a statistical method issue; the LOD issue would persist even if other multivariate statistical analyses such as factor analysis, discriminant analysis, canonical correlation analysis, and cluster analysis were used. 62 The LOD of most organochlorine residues was 10 ng g À1 for MRB, RGB, and CRB samples and <0.5 ng g À1 for CORB, MORB, ARB, SRB, and PRB samples. To account for these differences, we replaced any concentration less than the greatest LOD for a particular contaminant with the greatest LOD, which excluded some lowconcentration samples from the CORB, MORB, SRB, and PRB. One might argue that concentrations < LOD are below effect thresholds and are not of concern; however, biological effects thresholds are unknown for many of these contaminants as are cumulative effects. Therefore, some subtle relations between chemical and biomarkers may have been masked by the high LODs. Other monitoring programs that span decades are likely to incur similar issues as analytical methods improve. Monitoring programs need to ensure that LODs are low enough to achieve their goals, which typically include documenting temporal and geographic trends in certain media, evaluating the contaminant risk, or both. These goals may require different LODs and, consequently, costs. The percentile distributions from our data could be used as indicators of what LODs need to be to avoid this multiple censoring level issue. The LOD issue is especially problematic if the monitoring goals include detection of rising concentrations before they reach levels of concern. Levels of concern change frequently, usually becoming lower as new findings reveal previously unknown effects. Such is the situation for the o,p 0 -DDT isomers, which were generally considered environmentally benign relative to the p,p 0 -DDT isomers. Research has shown that these long-ignored compounds are estrogenic. [63] [64] [65] Accordingly, the analytical methods used to generate our data evolved to reflect new knowledge, which in turn created the multiple LODs and other statistical problems that we encountered.
Measurement of contaminants in composite samples for comparison with biomarkers in individual fish limits the utility and precision of statistical models. Ideally, contaminant concentrations would be measured in individual fish for direct comparison with biomarkers in those same fish, but this approach would necessitate unrealistically high analytical costs. As noted by Bauch et al., 61 the pairing of biomarker responses based on individual fish with analytical data from composite samples is inherently problematic, for several reasons. The amount of tissue contributed by each fish to composites was proportional to fish weight. Unless all the fish in the sample were of approximately the same weight, larger fish, in which contaminant concentrations may be higher, contribute proportionally more than smaller fish, which could introduce bias. In contrast, each fish was weighted equally when the mean biomarker responses for the fish in each composite was computed. In so doing, extremes for the biological variables, which may have been averaged across fish that differed in size, maturity, and reproductive stage, were also masked. For example, vitellogenin concentrations were < LOD in nine of ten male carp from site 112 in the MRB, but was 2.645 mg mL À1 in one fish; the latter was within the range of previtellogenic females. Analysis of contaminant concentrations in each fish may have provided a better understanding of the relations between the biomarkers and contaminant concentrations. Masking of the extremes in this manner no doubt affected the results of the regression and PC analyses.
The chemical and biological methods we evaluated were specifically selected to avoid redundancy, and the monitoring strategy incorporated both general and specific biomarkers. A weight-of-evidence approach was employed to ensure that exposure to the greatest number of contaminants could be detected. Specific biomarkers, such as EROD activity, respond to individual contaminants or classes of contaminants, are generally quite sensitive, and respond rapidly following exposure. They can provide a warning of impending or incipient problems for particular contaminants and are typically indicators of exposure rather than effect. General biomarkers provide more broad information about contaminant-related stress, typically at a higher level of biological organization (tissue or organ system). General biomarkers, such as those indicative of organism, population, or community health, can be used to assess the cumulative effects of multiple contaminants and the combined effects of contaminants and other environmental stressors such as nutrition, sedimentation, eutrophication, and disease. Biomarkers diagnostic of reproductive health were included because of the growing interest in the effects of chemicals on the endocrine system. Fish health assessments and histopathological analysis were included in attempt to integrate the overall responses of organisms to environmental stressors, including exposure to xenobiotics. Most of the biomarkers selected were general biomarkers. Defining ''normal'' conditions or levels for these general biomarkers is difficult because they are influenced by environmental factors (temperature, season, etc) other than contaminant concentrations. Normal conditions for fish health indicators such as condition factor, hepatosomatic index, and splenosomatic index that may not be as greatly influenced by environmental factors are easier to define, and as such, may be more informative for monitoring.
Reproductive biomarkers in large scale monitoring studies are also difficult to interpret because they are influenced by species, gender, gonadal maturation, and environmental factors such as temperature that vary temporally and spatially. The effects of these variables on reproductive biomarker responses were minimized by collecting the fish after spawning and characterizing their gonadal maturity histologically. Our distribution data for gonadosomatic index, vitellogenin concentrations, 17b-estradiol concentrations, 11-ketotestosterone concentrations, E/KT ratios, and oocyte atresia represent some of the most comprehensive information available for bass and carp. Although reproductive biomarkers are used often in contaminant studies, conclusions from these data may be overstated because the studies fail to control or otherwise account for confounding factors including gonadal maturation, spawning time, and even gender. For example, several studies reached conclusions about differences in steroid hormones, gonadosomatic index, and vitellogenin in fish from various locations without accounting for reproductive stage. 66, 67, 68, 69 Our data indicate that even collecting fish within a short time period (several days to several weeks) does not ensure that they will be in the same stage of gonadal maturation. For example, male carp collected from three Gila River sites in southern Arizona within a 10-day period represented stages 0-4.
19 Overall, the utility of reproductive biomarkers in large-scale monitoring studies may be limited considering these factors. Other general biomarkers, such as ponderal and meristic indices, can also be influenced by some of these same factors. However, they will probably continue to be used because they are easy to measure, can be computed from field data, and have no post-collection laboratory costs.
There are also limitations associated with multiple regression and PCA, both of which are correlation analyses. Studies such as ours, which span broad geographic areas, are exclusively exploratory, not explanatory. Correlations quantify associations between measured variables, regardless of the number of variables and statistical tools employed. Consequently, determining the causes of the biological findings was not an objective of this study. Rather, carefully planned and controlled field and laboratory research is required to document cause-effect relationships between chemical contaminants and biomarkers. The foundation of biomarker-based monitoring is the understanding of the factors that influence the biomarkers based on such research; that is, interpretation of biomarker findings is based more on knowledge of the biomarkers than on empirical relations. Such relations typically generate more questions than answers, but may suggest testable hypotheses that can be evaluated through subsequent laboratory research and more focused field studies.
Conclusions
Several recommendations for the design of future contaminant monitoring efforts can be made based on the evaluation of our data. First, although some organochlorine chemicals including HCHs, endrin, aldrin, heptachlor, endosulfans I and II, methoxychlor, and toxaphene were rarely detected (>LOD) in bass or carp at biologically relevant (i.e., toxic) concentrations based on contemporary toxicity information, continued monitoring may be warranted. Endosulfan and methoxychlor are still used in the U.S., and the other compounds may still be used elsewhere in the world. As noted for the o,p 0 -DDT isomers, newly discovered effects may be associated with contaminant concentrations previously thought to be benign. In addition, government agencies are often required to assure the public that fish are safe for consumption by humans and wildlife, which requires periodic analyses for accumulative contaminants. Point sources of these contaminants also remain, which require continued monitoring. Second, gender had little influence on the concentrations of most analytes. Consequently, monitoring programs could reduce their costs by not analysing males and females separately for many contaminants. Third, taxon differences in contaminant concentrations, which were not exclusively related to differing lipid content in our data, are also important to consider due to trophic position influences on contaminant exposures, metabolic difference among taxa, and species-specific differences in regulation of metals. Finally, the study design should be carefully planned to avoid analytical limitations such as multiple censoring levels and comparisons of individual versus composite samples. Investigators should recognize that analytical methods will likely improve or change over the course of long term monitoring, which will confound the analysis of the data. The sampling design and field protocol should be sufficiently flexible to allow for analysis of new chemicals and biomarkers as methods and information needs evolve. Biomarkers should be chosen carefully for monitoring efforts; information provided by biomarkers in long term monitoring will be minimal if their limitations are not understood. 
